Ash from power plants that incinerate poultry litter has fertilizer value, but research is lacking on optimal land application methodologies. Experiments were conducted to evaluate calcitic lime and flue gas desulfurization gypsum (FGDG) as potential fillers for poultry litter ash land applications. The ash had phosphorus (P) and potassium (K) contents of 68 and 59 g kg −1 , respectively. Soil extractable P and K were measured in an incubation pot study, comparing calcitic lime to FGDG at filler/ash ratios of 1:3, 1:2, 1:1, 2:1, and 3:1. After one month, soils were sampled and annual ryegrass (Lolium multiflorum Lam.) seeds were planted to investigate how plant growth and uptake of P and K were influenced by the fillers. Application of ash alone or with fillers increased soil extractable P and K levels above unamended controls by 100% and 70%, respectively. Filler materials did not affect biomass or P and K concentration of the ryegrass. A field study with a commercial spinner disc fertilizer applicator was conducted to compare application uniformity of ash alone and filler/ash blends. Overall, test data suggested that uniform distribution of ash alone or with fillers is feasible in field applications using a commercial fertilizer spreader.
Introduction
The intensive production of poultry generates large amounts of spent litter, most of which is applied to agricultural land as a nutrient source in forage and crop production [1] . Repeated land applications of spent poultry litter have resulted in many fields containing nutrient levels above the assimilative capacity of soils [2] . In turn, these high soil nutrient levels cause great concern because of the environmental consequences associated with air and water quality [3, 4] . As an alternative to land application, poultry litter incineration is being adopted in Europe and the United States to produce energy and reduce the volume of disposed poultry litter [1, 2, 5] . The ash from incinerated poultry litter has fertilizer value with high concentrations of plant nutrients, such as phosphorus (P) and potassium (K). Recycling these nutrients is essential to close the nutrient loop in food systems, given that both P and K are limited mined resources being depleted by global demand in production agriculture [6, 7] . By concentrating nutrients such as P and K in the ash, it is more economically feasible to transport them to distant croplands with nutrient deficient soils. However, research is needed for environmentally safe and uniform field applications of poultry litter ash products.
Nutrient content of ash generated from poultry litter can be widely variable, due to the type of poultry production (i.e., broilers, layers, bird species), nutrient content of the rations fed to the birds, type of bedding material, number of birds in a flock, number of flocks, and incineration process conditions [2, 5, 8] . Nevertheless, poultry litter ash usually contains substantial amounts of P and K.
For example, poultry litter ash from a commercial farm in South Carolina contained minimal contents of nitrogen (N) but had 9.1% P 2 O 5 and 7.9% K 2 O [9] . Thus, poultry litter ash has generally been reported as a satisfactory source of nutrients for crops [10] [11] [12] . While as much as 20% of the P in raw poultry litter is readily water-soluble [13] , P in poultry litter ash is relatively insoluble in water [8, 14] . In a P fractionation study of poultry litter ash, Codling [15] found water-extractable P to be about 1.5% of the total P. Potassium, on the other hand, is highly water-soluble in raw poultry litter and it remains water-soluble even after poultry litter is converted into ash [14, 16] .
Fertilizers usually contain two types of ingredients: Active and inactive. The active ingredients are the plant macro-and micro-nutrients. The inactive ingredients, also called fillers, may include sand, granular limestone, or sawdust. Filler materials are commonly added to commercial fertilizer blends, so nutrients are evenly applied in amounts based on soil test results. Two readily available potential fillers for the Southeast USA are calcitic limestone and flue gas desulfurization gypsum (FGDG). Calcitic limestone is used to neutralize acid soils, especially in fields not requiring magnesium [17] . In 2016, about 670 thousand tons of FGDG were used in agriculture as a source of calcium and sulfur and to improve the soil's physical properties [18, 19] . In addition, fillers may improve the distribution uniformity of the spreading of ash on agricultural fields, as concerns have been raised about the need to uniformly apply poultry litter ash [9] .
Codling et al. [20] evaluated how broiler litter ash with and without FGDG affected peanut yield and nutrient uptake, but in their experiment, the ash was mixed in the soil and incubated for three weeks before planting peanuts and surface applying FGDG. Apart from the Codling et al. [20] study, we are unaware of other published research evaluating the availability of P and K in poultry litter ash when applied with either calcitic lime or FGDG. Use of poultry litter ash directly from the incinerator with minimal processing can make it cost effective and attractive as a substitute for commercial fertilizers. Except for blending with lime or FGDG, our study did not include additional processing, common in commercial fertilizer production (crushing, extrusion, granulation, etc.). Meanwhile, farmers use both conventional and conservation tillage. Placement of the ash and fillers (mixed with soil or left on the surface) needs to be evaluated for both management systems for the efficacy of ash-filler blends to supply nutrients. The goal of this research was to evaluate fertilizer effectiveness of poultry litter ash when applied in blends with calcitic lime and FGDG. We conducted a controlled environment study with the objective of determining whether placement, filler material, and filler/ash ratios influence soil-extractable P and K, plant growth, and plant uptake of those nutrients. In addition, we conducted a field study to determine if blends of ash with calcitic lime or FGDG improved uniformity of application over ash by itself with commercial fertilizer application equipment.
Materials and Methods

Characterization of Ash, Calcitic Lime, and FGDG
The poultry litter ash used in the soil and plant response study was turkey litter ash from a power plant. It was provided by Carolina Eastern, Inc. (Charleston, SC, USA). The FGDG was also provided by Carolina Eastern, Inc. and was from a coal-fueled power plant. Calcitic lime was from a mine near Loris, SC, USA and was provided by Wake Stone Corporation, Knightdale, NC, USA. Elemental analysis of the ash, lime, and FGDG was determined by digesting the materials in nitric acid with peroxide (EPA 3050B), using a block digester [21] , followed by quantifying elements in the digest using inductively coupled plasma optical emission spectroscopy (ICP-OES).
Plant-Available P of Ash and Ash-Filler Blends
Duplicate samples of ash and ash blended with fillers (calcitic lime and FGDG) at different ratios (3:1, 2:1, 1:1, 1:2, and 1:3) on a mass basis were analyzed for water-soluble P, citrate-insoluble P, and citrate-soluble P as %P 2 O 5 , according to AOAC Official Methods 958.01, 977.01, 963.03 B(a) [22] . The "plant-available P" was determined using the AOAC "available P" test for fertilizing materials Environments 2019, 6, 50 3 of 12 and it is the citrate-soluble P (which includes the water-soluble P fraction) [22] . Total N in the ash was determined by combustion with a Leco TruSpec CN analyzer (Leco Corp., St. Joseph, MI, USA).
Soil and Plant Resposnse
Soil was collected from the surface, 15 cm of a Norfolk loamy sand (fine-loamy, siliceous, thermic Typic Kandiudults) at Clemson University's Pee Dee Research and Education Center (Florence, SC, USA). The collected soil was spread out on greenhouse benches to dry, prior to conducting the experiment. After drying, the soil was passed through a 6.35-mm screen to remove roots and large soil particles.
A controlled environment study was conducted with the following treatments: Unamended control, 100% ash, and ash supplied as 75, 66, 50, 33, and 25% of mixtures with either calcitic lime or FGDG. The selected ash levels matched the filler/ash ratios of 3:1, 2:1, 1:1, 1:2, and 1:3. In all treatment combinations (except the unfertilized control), the rates of P and K applied to the soil were the same. The 100% ash treatment was added to the soil at a ratio of 0.9 g ash to 1.0 kg soil. Prior to soil application, calcitic lime and FGDG were first blended with ash for each filler/ash treatment that resulted in application rates of 0.3, 0.6, 0.9, 1.8, and 2.7 g filler per kg of soil. The study was conducted using 20-cm diameter pots in which the soil depth was 12 cm. The ash, FGDG, and calcitic lime were all applied on an air-dry mass basis, either incorporated or left on the soil surface. There were three replicates in the experiment and the experiment was conducted twice. Pots were watered to 100 g kg −1 soil water content, covered with newsprint, and stored in a room with no environmental control for 30 days during the summer. During storage, pots were monitored and a small amount of water was added if the soil surface appeared dry.
After 30 days, a 1-cm diameter cork borer was used to sample the soil in the pots to a depth of 10 cm. Six cores were collected from each pot, homogonized, and dried at 60 • C for three days. Following drying, soil pH (1:1, soil to water) was measured and plant-available P and K in soil samples were quantified by ICP-OES in Mehlich-1 extracts [23] . The plant-available P and K in soil extracts hereafter are called "available soil P and K", respectively.
After soil sampling, the pots were moved to a greenhouse and the holes made by sampling were filled with unamended soil. Ryegrass seed (1.11 g per pot) was placed on the soil surface of each pot and covered with dry unamended soil. The pots were watered as needed with tap water for the duration of the experiment. Three harvests of plant shoot tissues were made by cutting plants 2.5 cm above the soil surface three, five, and seven weeks after planting. A small amount of N (1.0 g of NH 4 NO 3 ) was added to each pot following the first two harvests. Plant tissue samples were dried at 60 • C for three days and then weighed and ground. Total P and K concentrations in digested plant tissues were quantified using the same method used for ash characterization [21] .
Spreading Uniformity Test
The spreading uniformity of ash, ash with calcitic lime, and ash with FGDG was evaluated using a commercial spinner disc fertilizer/lime spreading truck. The source of the ash supplied by Carolina Eastern Inc. was from a power plant in the region that co-incinerates wood and poultry litter. This test consisted of three treatments: Ash alone, ash mixed with calcitic lime, and ash mixed with FGDG. It was conducted under low wind speeds (<1.8 m s −1 ) on a crop field under conservation tillage with less than 2% slope.
A front-end loader and a belt elevator conveyor were used to load all materials into the spreading truck. Lime and FGDG were mixed with ash to make 1:4 (filler/ash) blends. This blend ratio was requested by the supplier to further reduce the filler/ash ratio, according to our laboratory tests. To make the blends, four front-end loads of ash followed by a load of filler material were loaded into the truck with a belt elevator conveyor. This was repeated until the truck contained 16 loads of ash and four loads of lime or FGDG. The filler/ash mix in the truck was then emptied onto the ground, into a pile, repeatedly scooped and dumped with the front-end loader, and then reloaded into the Environments 2019, 6, 50 4 of 12 truck using the belt elevator conveyor. Bulk densities of the ash and the mixtures were estimated using a hand-held Fertilizer Density Scale (Berckes Mfg., Canby, MN, USA). The bulk density of the ash was approximately 481 kg m −3 while the bulk density of both the lime/ash and FGDG/ash mixtures were approximately 641 kg m −3 . These density values were used to adjust settings in the truck so all application rates were about 2242 kg ha −1 . Duplicate samples of the three treatments were collected for gravimetric water content determinations. Water content of the ash without filler was 112 g kg −1 , the FGDG/ash blend was 111 g kg −1 , and the lime/ash blend was 88 g kg −1 . Particle densities were determined by pouring a known mass of product into a known volume of distilled water and immediately recording the new total volume. The particle density was calculated as the dry mass of the product divided by the displaced volume. Particle densities for ash alone and mixtures of lime/ash and FGDG/ash were 1.93, 2.02, and 1.96 g mL −1 , respectively. Particle size distribution of ash, calcitic lime, and FGDG alone and mixtures of lime/ash and FGDG/ash were determined using a sieve shaker to pass a known mass through American Society for Testing and Materials (ASTM) sieve Nos. 1/2, 5/16, 5, 10, 18, and 35. (Table 1 ). The spreading uniformity of the three treatments was evaluated using a catch-pan method, typically used to calibrate spreader applicators [24] . Catch pans were placed 1.5 m apart along a line perpendicular to the direction of travel of the spreader truck. The spreader application test method was done such that the spreader truck was driven next to the pan at the end of the line when performing the test. The distribution of the spread of the ash and filler/ash blends was evaluated on each side (right on right and left on left swaths) of the spreader application [24] . Evaluation of material spread on both sides of the spreader was considered one replication. The total mass of the materials caught in each individual evaluation (right and left) was determined and the mass of material in each catch pan was converted to a percentage of the total. Treatments were replicated twice.
Data Analysis
Data were analyzed using SAS version 9.4. All data from the controlled environment study were analyzed in two ways. First, to determine if interactions occurred among placement (placement was not a part of the analysis for plant available P), filler material, and filler ratio, an analysis of variance (ANOVA) was conducted, excluding the data for the unamended control and ash alone. Means of significant interactions were separated using pairwise comparisons. Second, main effect means were compared using all the data by conducting an ANOVA and computing single degree of freedom contrasts. The contrasts compared means of ash alone to the control, calcitic lime to the control, FGDG to the control, calcitic lime to ash alone, FGDG to ash alone, and calcitic lime to FGDG. Sources of variation and contrasts were considered significant when probability of >F values were ≤0.05. An ANOVA was conducted to determine the effect of ash alone and the different filler/ash ratio combinations on ryegrass biomass and P and K content in plant tissue. For the spreader uniformity Environments 2019, 6, 50 5 of 12 study, standard deviation and percent coefficient of variation were calculated for each treatment at each swath spacing from the spreader truck [24] .
Results and Discussion
Poultry Litter Ash, Calcitic Lime, and FGDG Characterization
The turkey litter ash used to evaluate soil and plant response had high amounts of Ca, P, and K ( Table 2) , which is typical of poultry litter ashes [16] . It had P and K contents equivalent to 15.5% P 2 O 5 and 7.0% K 2 O, but almost no N (0.6%) because incineration causes almost all the N in feedstocks to be converted to N 2 and nitric oxide gases [9, 25] . Both calcitic lime and FGDG had, as expected, high amounts of Ca and FGDG had a high amount of S, while the P and K content of the filler materials was very low ( Table 2 ). The concentration of Cu and Zn in poultry litter ash is of agronomic concern because of the risk of accumulation in soils at toxic levels for plants. In our study, a soil application rate of 0.9 g ash kg −1 was equivalent to applying 1.0 mg Cu kg −1 and 0.9 mg Zn kg −1 . These Cu and Zn rates are well below the total Cu and Zn concentrations of 8.5 mg Cu kg −1 and 20.1 mg Zn kg −1 found in sandy soils of the U.S. Coastal Plain region, impacted by long-term application of swine manure [26] . Concentrations of other plant nutrients in the ash and the two filler materials are shown in Table 2 . 
Plant-Available P in Ash Material
Averaged over all treatment combinations, 44% of the total P in the ash was plant-available, according to the AOAC citrate-soluble test [22] . Previously, Clarholm [27] found that only 20% of the total P in granulated wood ash was extractable with ammonium acetate, while Codling [15] found that hydrochloric acid extractable P in poultry litter ash was 82% of total P. Table 3 shows that, averaged over all filler/ash ratios, the two filler materials did not significantly change plant-available P from ash alone (100% ash). For ash blended with lime, none of the treatment combinations differed from the lime 1:2 filler/ash ratio, which was numerically similar to the plant-available P of ash alone. The lime 1:3 filler/ash ratio had the lowest percentage of plant-available P (34.8%), while the FGDG 1:3 filler/ash ratio had the highest (48.5%). Averaged across ratios, the ash blended with lime had approximately 8% more plant-available P than ash blended with FGDG. A significant filler × ratio interaction supported the observations that increasing amounts of lime enhanced percentage of P availability, while increasing amounts of FGDG diminished percentage of P availability (Table 3) . Table 3 . Percentage of the P in ash that was plant-available as affected by calcitic lime and flue gas desulfurization gypsum (FGDG). In previous work, Codling et al. [15] reported that poultry litter ash contains very little to no water-soluble P. Similarly, the ash materials in our study had extremely low water-soluble P (0.37% P 2 O 5 ). Gypsum mixed with animal manure has been found to reduce water-soluble P [28] [29] [30] , which may result from Ca in the gypsum binding with the water-soluble P to form water-insoluble calcium phosphate [31] . Watts and Torbert [32] found that gypsum applied to grass buffer strips downslope from a poultry litter application reduced soluble P in runoff. Furthermore, Endale et al. [33] found that FGDG applied with poultry litter reduced soluble P in runoff in one of two years. However, the low amount of water-soluble P in poultry litter ash suggests that such binding effects of gypsum with soluble water P with this P fertilizer source would be negligible.
Filler
Plant Available P and K in Soil
Lime and FGDG as fillers did not affect how available soil P and K levels responded to ash placement. No interactions occurred involving placement and filler material or placement and filler ratio. Similarly, the filler material × filler/ash ratio interaction was not significant for either available soil P or K (p > F = 0.52 for P and 0.09 for K; Table 4 ). As expected, application of ash alone increased available soil P and K in soil above levels in the controls (Table 4 ). Ash left on the surface resulted in an available soil P level of 112 mg kg −1 , while ash mixed into the soil had 99 mg kg −1 available soil P (p = 0.036). Similarly, available soil K was 150 mg kg −1 when ash was surface-applied and 129 mg kg −1 when the ash was incorporated into the soil (p < 0.001). Higher available soil P and K levels for soil where ash was left on the surface is not surprising. Mixing the ash with soil would have distributed the nutrients throughout the pots. Since only the top 10 cm of the pots were sampled, more of the nutrients were in the sampling area for the pots with ash spread on the surface.
For available soil P, the ash alone was similar to both filler/ash blends. For available soil K, ash alone was similar to the FGDG/ash blends, but the lime/ash blends were somewhat higher than both ash alone and the FGDG/ash blends (Table 4 ). It is not clear why using calcitic lime as filler increased Environments 2019, 6, 50 7 of 12 available soil K above levels in the soil amended with ash alone or the FGDG/ash blends, since both filler materials had low K concentrations (Table 2) . Table 4 . Soil Available P and K (Mehlich-1) as affected by poultry litter ash amendment and filler/ash ratio. Soil was collected from pots after a 30-day incubation period. 
Filler
Soil pH
Wood ash can be used as a liming material to neutralize acid soils. Adotey et al. [34] recently compared wood ash to two commercial liming products and found similar soil pH changes when wood ash rates were normalized for CaCO 3 . The application rate of ash in our study corresponded to 168 kg ha −1 of total P 2 O 5 (based on area of the top of the pots). Since plant-available P was 46.5% of total P, the application rate corresponded to 78 kg ha −1 of plant-available P 2 O 5 , which is a typical P application rate. This rate slightly raised the soil pH from 5.1 for the unamended control to 5.3 for the soil amended with ash alone and the FGDG/ash blends. As expected, FGDG did not impact soil pH, whereas ash blended with calcitic lime significantly increased soil pH. For lime/ash blend treatments, soil pH ranged from 5.8 for the 1:3 filler/ash ratio to 6.3 for the 3:1 filler/ash ratio. Applying poultry litter ash at high rates for liming purposes would result in excess P application, as discussed by Chastain et al [9] . However, blending poultry litter ash with calcitic limestone could simultaneously add P to the soil system and adjust soil pH to between 6.0 and 6.5 to favor P dissolution and availability to plants [35] , thus providing a fertilizer application with recommended amounts of nutrients.
Ryegrass Biomass and P and K Uptake
Filler material and filler/ash ratio did not affect biomass or P and K concentration of the ryegrass (Figure 1 ). Analysis of variance results indicate that none of the filler/ratio treatment combinations Environments 2019, 6, 50 8 of 12 differ from ash alone. These results suggest that the addition of either calcitic lime or FGDG as filler materials will not adversely affect plant uptake of P and K from soil. Others have found poultry litter ash to be effective in providing P to plants [10, [36] [37] [38] , while the high level of water-soluble K in ash [16] suggests it is readily plant available. Lack of response to ash application for P and K in the biomass of the ryegrass in this study was likely due to the adequate amounts of soil P and K concentrations in the soil used (48 P mg kg −1 and 80 mg K kg −1 in the unamended soil control; Table 4 ) [23] , and the relatively short duration (seven weeks) of the plant biomass experiments.
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The distribution pattern of poultry litter ash spread with and without the two filler materials is shown in Figure 2 . Because of its low density, we expected application of ash alone to be irregular [39] . Surprisingly, spread of ash alone was quite uniform in the percentage of total weight within a 6.1-m swath distance from the truck (Figure 2A) . Only a small amount of ash was caught in the catch pans beyond this swath width. Consistent with this distribution pattern, coefficients of vatiation (CV) values of spread uniformity for ash alone were in the range of 10 to 38% within the 6.1-m swath ( Figure 2B ). Even though ash alone particles have irregular shapes and a wide particle size distribution (Table 1) , the CV values in our study were somewhat similar to average CV uniformity values of granular fertilizer applications (12 to 31%) [40] . Adding either filler did not substantially improve the distribution pattern of ash application but increased the swath distance by 1.5 m. At 7.6 m distance, the catch pans recovered a substantial portion of the ash material with fillers (8-10% of total weight captured in the pans). Lime/ash and FGDG/ash blends had coefficients of variation for the 6.1-m swath distance in the range of 28 to 44% and 20 to 61%, respectively ( Figure 2B ). 
Conclusions
Incineration of poultry litter is being used both to produce energy in power plants and as a method of waste handling and treatment in areas with high concentrations of poultry production. With its relatively high concentration of plant nutrients, poultry litter ash is a power plant byproduct with potential use as fertilizer. However, environmental concerns exist about the need to uniformly land-apply poultry litter ash. In this research, we evaluated if blending ash with two potential filler materials affected soil and plant parameters and their possible impact on field application patterns with a spinner disc applicator. The two potential fillers evaluated, calcitic lime and FGDG, appear to be appropriate filler materials for land-applying the ash. Neither of these materials negatively affected plant available concentrations of P and K in the soil, nor ryegrass biomass and plant P and K concentrations. The uniform distribution of poultry litter ash in field application using a commercial fertilizer spreader is feasible for ash alone, ash blended with calcitic lime, and ash In our study, the ash, calcitic lime, and FGDG were transported to the field and stored in open piles before the tests were conducted. Wetting the ash before being transported is a common practice necessary for dust control [41] . In addition, it rained between the times when the materials were delivered and when the spreading uniformity field test was performed. The wetted ash (which had a water content of about 100 g kg −1 ) resulted in a better distribution when it was applied alone than could be expected from the spread of dry ash alone, directly from an incinerator. The addition of both fillers to wetted ash lumped some of the ash and filler blended materials into larger particle sizes than those reported in Table 1 . Given that larger particles are thrown further by spinner spreaders than smaller particles [40] , it explains the spreading of some particles of the lime/ash and FGDG/ash blends beyond the 7.6-swath distance. The moisture content of the products was a variable not controlled in our spreading test. Therefore, research on determining acceptable moisture contents that ensure economic transportation and optimal spreading is needed. Overall, our data suggest that spreading of the ash with commercial spinner disc applicators alone or blended with calcitic lime or FGDG as fillers is feasible using commercial fertilizer spreaders. Further evaluations of the spreading distribution of poultry litter ash both with and without fillers should be conducted at various moisture contents with varying wind speed and direction, along with fugitive dust collection studies.
Incineration of poultry litter is being used both to produce energy in power plants and as a method of waste handling and treatment in areas with high concentrations of poultry production. With its relatively high concentration of plant nutrients, poultry litter ash is a power plant byproduct with potential use as fertilizer. However, environmental concerns exist about the need to uniformly land-apply poultry litter ash. In this research, we evaluated if blending ash with two potential filler materials affected soil and plant parameters and their possible impact on field application patterns with a spinner disc applicator. The two potential fillers evaluated, calcitic lime and FGDG, appear to be appropriate filler materials for land-applying the ash. Neither of these materials negatively affected plant available concentrations of P and K in the soil, nor ryegrass biomass and plant P and K concentrations. The uniform distribution of poultry litter ash in field application using a commercial fertilizer spreader is feasible for ash alone, ash blended with calcitic lime, and ash blended with FGDG. More field testing on the potential of these fillers to enhance poultry litter ash application appears warranted, especially field studies with varying moisture contents of the products, wind speed, and wind direction that evaluate how these fillers may affect fugitive dust during application.
